We found that temporal variability is strongly controlled by the seasonal cycle in potential 9 evapotranspiration, for both soil moisture and water table, and for both the mean and extremes of 10 their distributions. Groundwater is a larger water storage component than soil moisture, and the 11 difference increases with catchment wetness. The spatial standard deviation of both soil moisture and 12 groundwater is larger in winter than in summer. It peaks during rainfall events due to partial saturation 13 of the catchment, and also rises in spring as different locations dry out at different rates. The most 14 important controls on spatial variability in storage are aspect and distance from stream. South-facing 15 and near-stream locations have higher water tables and more events that led to a soil moisture 16 response. Typical hydrological models do not explicitly account for aspect, but our results suggest that 17 it is an important factor in hillslope runoff generation. 18
Co-measurement of soil moisture and water table level allowed us to identify relationships between 19 the two. Locations where water tables peaked closer to the surface had consistently wetter soils and 20 higher water tables. These wetter sites were the same across seasons. However, temporary patterns 21 of strong soil moisture responses to summer storms did not correspond to the wetter sites. 22
Total catchment spatial variability is composed of multiple variability sources, and the dominant type 23 is sensitive to those stores that are close to a threshold such as field capacity or saturation. Therefore, 24 we classified spatial variability as 'summer mode' or 'winter mode'. In summer mode, variability is 25 controlled by shallow processes e.g. interaction of water with soils and vegetation. In winter mode, 26 variability is controlled by deeper processes e.g. groundwater movement and bypass flow. Double 27 flow peaks observed during some events show the direct impact of groundwater variability on runoff 28 generation. Our results suggest that emergent catchment behaviour depends on the combination of 29 these multiple, time varying components of variability. Hydrological processes, including runoff generation, depend on the distribution of water in a 2 catchment, in space and time. Understanding the distribution and its effects on hydrological processes 3 is a prerequisite for identifying hydrological principles (Troch et al., 2008) and building hydrological 4 models that produce "the right answers for the right reasons" (Kirchner, 2006) . However, water stores 5 and fluxes are typically characterised by high complexity and variability at all scales (e.g. Grayson et 6 al., 2002; Zimmer et al., 2012) . The high variability of soil-and ground-water has far reaching 7 implications for hydrological measurement, prediction and modelling. Most measurements of soil 8 moisture or groundwater are made at the point scale, and so high variability makes it difficult and 9 costly to estimate spatial average values. However, studies into controls on variability can give insights 10 into the best monitoring locations and strategies to estimate spatial averages (e.g. Teuling et al., 2006 11 for soil moisture), and may allow us to identify sites that are likely to mirror the mean wetness 12 conditions of the catchment . 13
Hydrological models simulate water fluxes integrated over some "model element" scale; so where 14 variability exists below that scale, model fluxes will differ from point-scale measurements (Blöschl and  15 Sivapalan, 1995; Western et al., 2002) . This makes it difficult to compare model simulations against 16 measured data. The same scale sensitivity affects climate models, which use land surface water 17 content as a boundary condition (Seneviratne et al., 2010) . In addition, the prevalence of high 18 nonlinearity and thresholds in hydrological responses means that simple averaging of water content 19 is not sufficient. For example, integrated drainage fluxes derived from soil moisture patterns with 20 realistic variability and spatial organisation exceed those estimated from uniform soil moisture fields 21 (Bronstert and Bardossy, 1999; Grayson and Bloschl, 2000) . Model descriptions of relationships 22 between mean soil moisture and drainage must therefore be altered to take account of soil moisture 23 variability (e.g. Moore, 2007; Wood et al., 1992) and organisation (Lehmann et al., 2007) , and may 24 need to change seasonally as soil moisture variability changes (McMillan, 2012) . Similarly, averaging 25 of soil texture or water-holding properties should take spatial organisation into account. Threshold 26 relationships between water content and runoff generation, which have been widely observed at the 27 point scale, should be smoothed at the model element scale to reflect spatial variability (Kavetski et 28 al., 2006) . The critical point here is that multiple sources and characteristics of variability may exist in 29 any catchment. To understand and model the emergent, catchment-scale processes they create, we 30 must understand how the individual components of variability interact and change with time. 31
A well-established strategy to improve our understanding of hydrological variability and processes is 32 through the development of densely instrumented research catchments (Tetzlaff et al., 2008; Sidle, 33 2006; Warmerdam and Stricker, 2009 ). Such sites expose interrelations and patterns in hydrological 34 variables, and allow us to test hypotheses on catchment function. In recent years, improved sensor 35 and communication technologies have increased our ability to capture space and time hydrological 36 variability (Soulsby et al., 2008) . While acknowledging the importance of breadth, as well as depth in 37 hydrological analysis (Gupta et al., 2013) , intensively-studied catchments remain a critical part of 38 hydrological research. 39
In New Zealand, experiments in research catchments have uncovered the importance of vertical flow 40 and the displacement mechanism for streamflow generation, using applied tracers (Woods et (Lambert and Roberts, 1976) . At one site, these differences translated into mean soil moisture 37 differences of 10% (Bretherton et al., 2010). In a similar environment to the catchment described in 38 this paper (i.e. Eastern foothills of the Southern Alps, greywacke geology), aspect-induced 39 microclimate differences were found to promote physical and chemical soil differences, with stronger 40 leaching and weathering on south facing slopes (Eger and Hewitt, 2008 The Langs Gully catchment is located in the South Island of New Zealand, in the headwaters of the 10 Waipara River that has its source in the foothills of the Southern Alps before emptying onto alluvial 11 plains (Figure 1 ). Langs Gully is typical of the Canterbury foothills landscape. This area is the source of 12 many rivers and aquifers that provide essential irrigation water for the drier and intensively farmed 13 plains; however the hydrology of the area is poorly understood. 14 The 0.7 km 2 catchment ranges from 500 -750 m in elevation, and is drained by two tributaries. Annual 15 precipitation ranges from 500 to 1100 mm/yr, with a mean of 943 mm/yr. In winter the catchment 16 has relatively frequent frosts and occasional snow. The land cover is grazed pasture for sheep and beef 17 cattle farming, with a partial cover of sparse Matagouri (Discaria toumatou) shrub. The geology is 18 greywacke, a hard sandstone with poorly sorted angular grains set in a compact matrix. Soils are 19 shallow gravelly silt loams derived from the underlying greywacke, and were classified as midslope, 20 footslope or spur ( Figure 2 ), based on expert knowledge and the S-MAP New Zealand soils map 21 (Lilburne et al., 2004) , which uses soil survey data, and topography-based interpolation (Schmidt and  22 Hewitt, 2004). The mapping also provided estimates of fractions of stone, sand and clay for each soil 23 type. Fractions of stone and sand decreased from spurs to footslopes, while fractions of clay increased 24 ( Table 2 ). Stone and sand fractions increase with depth for all soils (e.g. Footslope constituents shown 25 in Table 3 ). During installation of soil moisture sensors (Section 3.2), we found distinct gravel-rich 26 layers within the soil profile at 6 out of 16 locations. 27 
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The aim of our experimental design was to study the temporal and spatial variability in water storage 29 within the catchment. We installed sensors to measure rainfall, climate variables, streamflow, soil 30 moisture and depth of shallow groundwater. Our aim was to take measurements at locations 31 representing the variability of hydrological conditions within the catchment, and where possible to 32 co-locate sensors in order to understand relationships between different water stores. We selected 33 two hillslopes for detailed measurements of soil moisture and shallow groundwater, with different 34 aspects (North and South) ( Figure 1 ). 35
To support the sensor data, we took aerial photos and used GPS mapping to create a digital elevation 36 model of the catchment ( Figure 2 ). Aerial photos were only taken on the slope above the north-facing 37 sites; GPS point spacing was also closer in this area. A soils map was created using a combination of 38 nationally available data and a field survey ( Figure 2 Rainfall was measured using an OTA OSK15180T 0.2mm resolution tipping bucket gauge. All weather 5 measurements were at 5 minute intervals. 6
Flow was measured at three locations within the catchment (Figure 1 ), all at 5 minute intervals. Only 7 data from the downstream gauge, a v-notch weir, was used in this paper. Periodical manual gaugings 8 were used to confirm the theoretical weir flow rates. Dividing by total catchment area then gave average depth of groundwater above minimum. 35 We recognise that this calculation involves a significant and uncertain extrapolation from the 32 soil 36 moisture time series to the remainder of the 0.7 km² catchment. However, given that the sensor 37 locations were installed across aspect, distance from stream, and landscape position and depth, we 1 anticipate that the estimated storage dynamics are a reasonable guide to true behaviour. We also 2 note that in the riparian zone, some water will be double counted where the groundwater rises into 3 the soil column. However, given that this occurred only in near-stream locations, i. Figure 3 shows soil moisture, and depth to groundwater for the study period; for clarity we average 22 the 32 soil moisture sensors and 14 water level sensors by location using eight and two series 23 respectively. 24
In Figure 4 , we show the summary measures for each season. The summary statistics show that both 25 the mean and extremes of catchment water storage vary seasonally. The yearly cycle of soil moisture 26 ( Figure 3) shows an extended wet season from April/May to November, followed by a slow drying 27 until February when the catchment reaches its summer state. The return to wet conditions occurred 28 over a very short time period during a May storm event. Water table dynamics also display a yearly 29 cycle (Figure 4 ), although the range during any season is large compared to seasonal changes. As 30 shown in Figure 4A , soil moisture quantiles are typically lowest in summer, and water tables are lowest 31 in summer and autumn. The driest conditions in terms of extremes ( Figure 4B ) occurred in late 32 summer for both soil moisture and water Rainfall events are superimposed on the seasonal cycle. In winter, the large events cause saturation 38 at many of the soil moisture sensors, and water tables rise in many of the wells, including some in the 39 upper row where the water table was previously lower than the well. In early summer, rainfall can 1 return soil moisture and water tables to winter levels, but only briefly. In summer, the catchment 2 response to rainfall is highly subdued. 3
The strong seasonality of catchment conditions is due to seasonality in PET. Although rainfall depths 4 are similar throughout the year, in summer the combination of higher temperatures, high solar 5 radiation and frequent hot, strong winds from the north-west contributes to seasonal drying of the 6 catchment. The effects are illustrated by storm runoff depths in winter versus summer ( Figure 5A ). In 7 summer, even large rainfall events produced almost no streamflow response. To demonstrate the 8 effect of antecedent wetness on storm runoff depths, we plotted runoff depth against the sum of 9 antecedent soil moisture storage (ASM) and storm precipitation (
Figure 5B sensors on the South facing slopes showed more frequent and pronounced wetting events, as defined 17 in Section 3.7 (Table 4) . South facing slopes at 60 cm depth had 33% more wetting events that were 18 on average 22% larger than North facing slopes at 60 cm depth. 19 Spatial controls act differently on different water stores. These differences are illustrated in Figure 6 , 20 using the same summary statistics as in the previous section, but grouping sites by aspect and distance 21 from stream. We did not include water table statistics for the far-stream rows as water tables only 22 rarely rose into the wells and therefore distribution estimates would not be accurate. Figure 6A shows 23 that when comparing North facing vs South facing slopes, soil water content at 30 cm has similar 24 distributions, but the underlying groundwater level is on average 20 cm closer to the ground surface 25 for the South facing slopes, and has a smaller range. Spatial controls also act differently on average vs 26 extreme conditions; e.g. average soil moisture on the South facing slope is similar at 30 cm and 60 cm 27 depths ( Figure 6A ), but the fraction of time that the soil was saturated is 11% at 60 cm against 0.5% 28 at 30 cm ( Figure 6B ). Note that the statistics describing the extremes of the data are highly variable 29 between locations (e.g. some locations are saturated much of the time; others almost never), however 30 we show averages by location to assist interpretation of the spatial control. 31
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To quantify the relative importance of different water storage components of the catchment, we 33 calculated the average depth of water stored as soil moisture and groundwater using the method 34 described in Section 3.5 ( Figure 7A ). The groundwater component dominates, with an average depth 35 of 0.27 m against 0.15 m for soil moisture. The difference may be further enhanced given that the part 36 of the soil moisture volume below wilting point is not likely to be mobilised. The difference is most 37 pronounced in the wettest conditions, with groundwater storage peaking at approximately four times 38 that of soil moisture. During the driest summer conditions, groundwater and soil moisture storage are 39 similar. 40 To visualise the changes in variability for each store over time, we plotted the time series of spatial 1 standard deviation in soil moisture and groundwater; separated by aspect and sensor depth ( Figure  2 7B,C). All stores have the highest standard deviation in winter, and the lowest in summer, as the range 3 in values tends to be compressed as the catchment dries out. Previous studies have shown that the 4 relationship between soil moisture and soil moisture standard deviation varies by catchment (Section 5 1.1). Soil moisture at 60 cm maintains a high standard deviation even during summer, as both slopes 6 have one sensor that retains high soil moisture and therefore has a strong influence on the standard 7 deviation. 8
All of the soil moisture standard deviations rise sharply during rainfall events, especially in winter, 9 which is due to saturation of some sensors, while others remained unsaturated. represented by the range of sensor locations, but this variability is not constant. In this section, we 21 investigate the specific types of variability that occur, and seek to attribute them to different 22 catchment conditions. 23
We found that an overarching driver of variability is the wetness condition of the catchment. As shown 24 in Figure 5 , there is a strong seasonal differentiation in runoff coefficients. This seasonal cycle 25 determines which of the catchment water stores are active, and where the greatest scope for 26 variability exists. To assist our description of the seasonal changes in variability, we selected one event 27 that illustrates each variability type. We selected the following events: dry-period: Figure 8A , which shows the response 37 of selected sensors to the March rainfall event. Figure 8B shows or by local areas with high permeability such as the gravel-rich soil layers observed during installation 34 of the soil moisture sensors. At Maimai, Woods and Rowe (1996) suggested that preferential 35 flowpaths were caused by temporary hydraulic gradients in the soil, and variations in vertical drainage 36 due to patterns of soil moisture deficit. 37 Figure 9A (third panel) shows distinct differences in the timing of the groundwater response between 38 locations. In some locations, there is a fast groundwater peak followed by a fast decline. In other 39 locations, the groundwater rises more slowly, reaching a peak approximately 24 hours later than the 40 fast-response site, and is much slower to decline. The characterisation of each site as either a fast or 41 slow responder is consistent through the three consecutive events. During some storm events, these 42 two response types cause a double peak, or prolonged flat peak, in the storm hydrograph (lower 43 panel). The differing responses are mapped in Figure 9C . There is some spatial correlation with the 1 saturation response shown in Figure 9B , whereby locations with a flashy groundwater response 2 correspond to locations where saturation occurred at the 60 cm soil moisture sensor. Locations where 3 the water table was detected in the upper row of sensors were classified as slow groundwater 4 responses (i.e. a later and prolonged peak), but they peak slightly before the downslope slow-response 5 sites, which could indicate a delayed groundwater flow path from upslope. 6
Our results suggest that relative groundwater levels, and the classification of sites as fast or slow 7 groundwater responses, are consistent between events. Previous work reviewed in the introduction 8 (Section 1.3) showed that groundwater level can influence soil moisture distribution. We therefore 9
hypothesise that groundwater behaviour might help to define distinct spatial zones of the catchment. 10 To test this, we firstly classified sites by maximum groundwater level, separating sites where the water 11 The wetting up of the catchment at the start of winter is a major event (Figure 3 ). In 2013 this occurred 24 in late April, quickly transitioning the catchment from its dry summer state, to the wet state that it 25 maintained throughout the winter. The typical pattern for soil moisture is a sharp rise over less than 26 24 hours (e.g. Figure 11A , red lines), however some locations have a more gradual response ( Figure  27 11A, blue lines). On the South facing slope, this sharp rise is reflected in a sharp water table rise in  28 some locations, and a more gradual rise in others. On the North facing slope, the water table rises only  29 gradually in all locations ( Figure 11B,C) . The two locations on the North facing slope with gradual soil 30 moisture response had a soil layer containing larger rocks (5-10 cm diameter) at 45-60 cm depth. This 31 feature may promote fast drainage and therefore slow the soil wetting process. 32
The winter wet-up is a critical event in terms of flow prediction, as was previously shown in Figure 5  33 which illustrates the stark differences in runoff coefficients in winter vs summer. However, the spatial 34 variation shown here in the rate and magnitude of the wet-up illustrates that it is a complex 35 phenomenon which occurs differently for hillslopes with a different aspect. During a dry period, soil moisture, water table and flows undergo a recession. It is common to collate 38 flow recessions, to specify a master recession shape which can then be used directly to calculate model 39 parameters related to baseflow generation. Recessions are typically expected to show a convex shape; 40 initial drying occurs quickly from loosely-bound water, but drying slows as only more tightly-bound 41 water remains. In the Langs Gully catchment, we were surprised to find strong variations in recession 42
shapes. This is illustrated in Figure 12 , which shows the recession shapes of soil moisture at 30 cm on 1 the North facing slope after a September rainfall event, including both convex and concave shapes. 2 We found that at different times of the year, the same soil moisture sensor at the same soil moisture 3 content could display either convex or concave behaviour, suggesting that this finding is not an 4 artefact of the soil moisture sensor calibration or the particular soil tension characteristics. We also 5 found that the shape (i.e. convex or concave) of the corresponding 60 cm soil moisture response was 6 typically the same as the 30 cm sensor (not shown). It can also occur across the range of soil moisture 7 contents. Instead, the difference in recession shapes could be due to either transient downslope flow 8 towards the sensor, similar to the theoretical case described by Henderson and Wooding (1964) , or 9 seasonally varying vegetation characteristics. For example, the unusual concave responses could be 10 due to plants exhausting near-surface soil water stores and therefore starting to extract water from 11 the slightly deeper location of the soil moisture sensor. 12 5 5 5 5 Summary and implications of variability Summary and implications of variability Summary and implications of variability Summary and implications of variability
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Our results have shown multiple modes of spatial and temporal variability in storage in the Langs Gully 14 catchment. Here we summarise the temporal variability in soil moisture and groundwater, followed 15 by spatial variability in soil moisture and groundwater. We then consider connections between them, 16
i.e. temporal changes in spatial variability. Lastly we consider implications of variability for catchment 17 runoff response and prediction. 18
Temporal variability is characterised by a strong seasonal cycle in catchment wetness; the mean and 19 extremes of the soil moisture and water table distributions are higher in winter than summer. The 20 cycle is driven by PET rather than rainfall depth, and causes significantly higher runoff coefficients in 21
winter. The seasonal cycle in soil moisture shows a long, high winter plateau; compared to water table  22 levels that respond mainly to individual events. The catchment wets up quickly in autumn, but takes 23 longer to dry out in spring, and spring rainfall can briefly return soil moisture and water table levels to 24 their winter state. The volume of stored water in the catchment also has a seasonal cycle, mostly due 25 to increased groundwater in winter, especially during the largest storms. 26
Spatial variability is controlled most strongly by aspect and distance from stream. South facing slopes 27 have similar mean soil moisture to North facing slopes, but more events lead to a soil moisture 28 response, and experience soil saturation more often. Water table levels are higher in South facing 29 slopes and more consistent between locations within the South-facing slope. Near stream locations 30 have higher soil moisture for both mean and extremes, and experience more wetting events. Near-31 stream locations frequently record saturation in winter, whereas far-stream locations have water 32 tables below the soil moisture sensors and the 1.5 m wells for almost the whole study period. We 33 found a strong interaction between groundwater level and soil moisture distribution. Sites where 34 water tables peaked above the 30 cm sensor had a significantly wetter soil moisture distribution 35 compared to sites where water interactions between air temperature, soil temperature and ET, driven by wind direction and aspect-1 induced radiation differences. They note that the specific heat capacity of soil drops as it dries, leading 2 to a positive feedback cycle. In the Langs Gully catchment, the South facing slopes are also steeper 3 than the North facing slopes. This is not obviously due to geological bedding -the main trend of 4 syncline-anticline pairs in the wider Waipara catchment is Northwest-Southeast (transverse to 5 catchment slopes), and in the immediate area of Langs Gully, known dip directions are highly variable. 6 However, feedbacks are likely to exist between slope angle, vegetation (denser shrub cover on South-7 facing slopes), soil depth (thinner on South-facing slopes) and downslope sediment transport. Shading 8 by denser vegetation and increased lateral flow are possible causes of the increased number of 9 wetting events on the South-facing slope. Typical hydrological models do not account for aspect, but 10 our results suggest that this is an important factor to consider in hillslope runoff generation. 11
Temporal changes in spatial variability. We suggest that spatial variability can be classified as being 12 in 'summer mode' or 'winter mode'. These modes are illustrated as a schematic diagram in Figure 13 . North facing Near-stream 12 12%
Far-stream 9 6%
1 Table 4 : Number and size of soil moisture wetting events by aspect and distance from stream. 
